The splicing of many alternative exons in the precursor messenger RNA (pre-mRNA) is regulated by extracellular factors but the underlying molecular bases remain unclear. Here we report the differential regulation of Bcl-x pre-mRNA splicing by extracellular factors and their distinct requirements for pre-mRNA elements. In K562 leukemia cells, treatment with interleukin-6 (IL-6) or granulocyte-macrophage colony stimulating factor (GM-CSF) reduced the proportion of the Bcl-xL variant mRNA while treatment with 12-O-tetradecanoylphorbol 13-acetate (TPA) had no effect. In U251 glioma cells, however, TPA efficiently increased the Bcl-xL level. These regulations were also seen for a transfected splicing reporter mini-gene. Further analyses of deletion mutants indicate that nucleotides 1-176 of the downstream intron are required for the IL-6 effect, whereas additional nucleotides 177-284 are essential for the GM-CSF effect. As for the TPA effect, only nucleotides 1-76 are required in the downstream intron. Thus, IL-6, GM-CSF and TPA differentially regulate Bcl-x splicing and require specific intronic pre-mRNA sequences for their respective effects.
INTRODUCTION
Alternative pre-mRNA splicing is an important way of gene regulation in metazoans [1] . It is estimated to be present in about 60 percent of human genes [2] , resulting in a large number of splice variants. This likely contributes to protein diversity beyond the relatively small number of human genes [3] . Many splice variants have distinct functions and can be regulated by extracellular factors, but the molecular bases of the regulations remain largely unclear [1, 4] . In several cases, pre-mRNA elements involved in responses to external factors have been identified [5] [6] [7] [8] [9] . In one case, the extracellular signal-regulated kinase (ERK) was found to directly phosphorylate the splicing factor Sam68 in regulating CD44 splicing [10] .
A number of genes involved in cell proliferation and apoptosis undergo alternative splicing, producing variants with different or even antagonistic functions [11] . Bcl-x, a bcl-2 gene family member, generates several protein isoforms including Bcl-xL and Bcl-xS by alternative splicing [12, 13] . The inclusion of the 189-nucleotide (nt) Bcl-xL exonic sequence leads to the insertion of 63 amino acids *Correspondence: Jia You CHU and Jiu Yong XIE E-mail: chujy@public.km.yn.cn or xiej@cc.umanitoba.ca.
in Bcl-x in a highly conserved region of the Bcl-2 family proteins [13] . Bcl-xL can protect cells from apoptosis [13, 14] . Genetic depletion of Bcl-xL in mice lead to massive neuronal death in the nervous system [15] ; cancer cells with Bcl-xL splicing inhibited are more sensitive to apoptosis upon chemotherapeutic drug treatment [16] [17] [18] . On the contrary, Bcl-xS inhibits cell survival induced by bcl-2 [13] . Therefore, the Bcl-x products can be pro-or anti-apoptotic depending on the result of alternative splicing of its pre-mRNA. Expressions of the two variants are differentially regulated among tissues, during development and in diseases [13, 19, 20] . In cultured cells, Bcl-x splicing can be regulated by ceramide [21] . It is thus likely that Bcl-x splicing can be regulated by a variety of extracellular factors and this regulation plays a role in cell growth and cell death. However, it is not clear how different signals regulate Bcl-x splicing and what are the pre-mRNA sequences required.
To establish a model for Bcl-x splicing regulation by signals related to cell survival or death, we screened extracellular factors for changes in Bcl-xL/Bcl-xS splicing patterns and recapitulated the regulations with mini-gene splicing reporters. We further demonstrated that these extracellular factors required different downstream intronic sequences for their effects on Bcl-x splicing.
MATERIALS AND METHODS
Cell culture, treatment, and transient transfection assays K562 and U251 cells were cultured in RPMI 1640 media plus 10% fetal bovine serum in 6-well plates at 37ºC. Recombinant IL-6 and GM-CSF were kind gifts from Dr. Dai CB and Li ZH (Institute of Medical Biology, Chinese Acamey of Medical Sciences and Peking Union Mecical College) respectively, who purified them from bacteria and confirmed their activities [22, 23] . TPA was from Alexis Biochemicals (Switzerland). Erigeron breviscapus was from BioMedicine Industry Ltd. (Yunnan, China) [24, 25] . IL-6 (20 ng/ml), GM-CSF (20 ng/ml), TPA (20 ng/ml) or erigeron breviscapus (30 ng/ ml) were applied respectively to cells and kept for various periods of time before RNA extraction. For mini-gene splicing reporter assays, about 10 6 cells were transfected with plasmids using LipoFectamine-2000 (Invitrogen) according to the manufacturer's instructions. After about 16 h, cells were washed with ice-cold phosphate-buffered saline and then lysed for RNA extraction with Trizol (Invitrogen).
RT-PCR assay of the Bcl-x splice variants
One microgram of total cellular RNA was used for 20 µl reverse transcription [RT: 2 µl of 10 × buffer, 2 µl of dNTP (10 mM each), 1 µl of RNase inhibitor (20 units), 1 µl of oligo-dT, 1 µl of MMLV reverse transcriptase, plus DEPC-treated distilled water) at 42ºC for 1 h, followed by heating at 95ºC for 5 min. The RT products were used either directly for polymerase chain reaction (PCR) or saved frozen.
For PCR, the bcl-x sense primer is 5'-CATGGCAGCA-GTAAAGCAAG-3', and the antisense primer is 5'-GCATT-GTTCCCATAGAGTTCC-3'. It gives rise to PCR products of 351 and 162 base pairs (bp) for Bcl-xL and Bcl-xS, respectively. RT-PCR of the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene was used as the control for the loading of RNA/RT products. For the PCR of transfected pBcl-x plasmids, the sense primer is 5'-CATGGCAGCAGTAAAGCAAG-3' (in the exon 2 of bcl-x gene), and the antisense primer is 5'-ACCCGGATCCAGTTG-TGCCA-3' (in the downstream insulin exon of the vector). It gives rise to PCR products of 150 bp and 339 bp. All PCR products were separated in 2% agarose gels containing 0.01% ethidium bromide. Band intensities were quantified with the Scion Image software (Scion Corporation).
Bcl-x mini-gene and mutant plasmids construction
Human BCL-x genomic DNA was amplified with sense primer F1 (5'-AGTCGGGCCCAGGATACAGCTGGAGTCAG-3') and anti-sense primer F2 (5'-CTGTTCTAGAGAGTGCCATACAC-GCAAACTTTG-3') to generate a 1020 bp fragment that contains the 3' end 316 bp of exon 2, the 189 nt Bcl-xL-specific exon sequence and the 5' end 515 bp of the downstream intron [13, 26] . The PCR fragment (Bcl-x1) was cloned between the ApaI and XbaI sites of vector pL53In, generously provided by Dr. Harald Konig [5] .
Deletions from two ends of the Bcl-x1 insert were made by PCR with primers containing ApaI and XbaI site. The sense primer is 5'-AGTCGGGCCCATCCTGGCACCTGGCAG-3' for all the deletion mutants and the antisense primers are: 5'-CTGTTCTAG-AGATACAGAAGAAGGGCTG-3' for pBcl-x2, 5'-CTGTTCTAG-AATTTGTATTTCCAAGGAG-3' for pBcl-x3, and 5'-CTGTTC-TAGACACATAGGCTACAGTTTTC-3' for pBcl-x4. The amplified PCR fragments were cloned into pL53In and confirmed by sequencing the Bcl-x inserts.
RESULTS

Regulation of Bcl-x splicing by IL-6, GM-CSF in K562 cells and by TPA in U251 cells.
Bcl-xL and Bcl-xS variants are produced through the two alternative 5' splice sites downstream of exon 2 in Bcl-x pre-mRNA [13] (Fig. 1A ). To establish a regulatory system for this alternative splicing event, we screened cell lines and extracellular factors for inducible changes in Bcl-xL/Bcl-xS splicing patterns with RT-PCR.
In K562 leukemia cells, RT-PCR generated mainly two bands in agarose gels (Fig. 1B, C) . Sequencing of purified DNA indicates that the upper band contains Bcl-xL and the lower one Bcl-xS. Treatment of the cells with interleukin-11 (IL-11) or TPA did not substantially change the Bcl-xL/ Bcl-xS splicing pattern (lanes 2 and 5, respectively). However, treatment with the cytokine IL-6 or GM-CSF greatly reduced the Bcl-xL product (about 70% reduction), leaving mainly Bcl-xS. The Bcl-xL product almost disappeared at 12 and 6 h after treatment with IL-6 and GM-CSF, respectively (Fig. 1C) . These suggest that IL-6 or GM-CSF specifically reduces the proportion of the BclxL mRNA in K562 cells.
Of the two factors (IL-11 and TPA) that did not substantially change the Bcl-xL/Bcl-xS splicing pattern (Fig.  1B , lanes 2 and 5), however, TPA is known to regulate the splicing of other alternative exons, particularly those of the cell surface molecules CD44 and CD45 [5, 6] . We thus tested TPA with more cell lines for Bcl-x splicing changes. We found that in U251 human glioma cells BclxL was increased from 75% to 92% after TPA treatment (Fig. 1D, lanes 1 and 2) . This increase was prevented by erigeron breviscapus, which has been reported to have an inhibitory effect on protein kinase C (PKC) [24, 25] . Moreover, treatment with erigeron breviscapus alone eliminated the Bcl-xL product (lane 4). These suggest that TPA promotes the Bcl-x splicing toward the production of BclxL mRNA in U251 cells, likely through the PKC pathway.
Taken together, cytokines IL-6 and GM-CSF repress alternative splicing of the Bcl-xL mRNA whereas TPA increases it. Moreover, the regulation by TPA is observed only in U251 but not K562 cells. These suggest that the splicing regulations are extracellular factor-and celldependent.
A Bcl-x mini-gene contains elements sufficient for IL-6, GM-CSF and TPA regulation of Bcl-x pre-mRNA splicing By aligning the human Bcl-xL, Bcl-xS cDNAs with the Bcl-x genomic DNA from the GenBank [13, 26] , the splice junctions of the two alternative 5'splice sites are annotated to be AGgtagtg (5'splice site for Bcl-xS, lower case letters representing the intron sequence) and GGgtaaga (5'splice site for Bcl-xL), slightly different from the consensus sequence of the constitutive 5'splice site "AGgtragt (r: A or G) in GT-AG introns [27] . To identify specific premRNA sequences involved in the regulation of Bcl-x splicing, we wanted to first narrow down the minimal RNA sequences that are sufficient for the regulations by IL-6, GM-CSF and TPA. Therefore, we amplified a genomic DNA fragment of the human bcl-x gene that covers the 3' end 316 bp of exon 2, the 189 bp Bcl-xL-specific sequence and the 5' end 515 bp of the downstream intron, and cloned it into a vector (pL53In) [5] , to make a splicing reporter (pBcl-x1, Fig. 2A ). This plasmid was transfected into K562 or U251 cells and the spliced mRNAs were examined with RT-PCR for the effects of the above stimuli.
In K562 cells, the transfected Bcl-x1 mini-gene expressed mainly Bcl-xL, similar to the endogeneous products (Fig. 2B, lane 3, and compares with Fig. 1 ). Treatments with either IL-6 or GM-CSF, but not IL-11 or TPA, strongly decreased Bcl-xL level (Fig. 2B, lanes 4 to 7) , leaving mainly Bcl-xS products. Thus, the Bcl-x1 insert contains elements sufficient for the IL-6 or GM-CSF regulation of Bcl-x pre-mRNA splicing in K562 cells.
In U251 cells, this Bcl-x1 construct expressed Bcl-xL and Bcl-xS at similar levels (Fig. 2C, lane 3) . TPA treatment almost eliminated Bcl-xS leaving only Bcl-xL (Fig.  2C, lane 4) . Again, erigeron breviscapus prevented this TPA effect (lane 5). Furthermore, erigeron breviscapus alone greatly reduced Bcl-xL level (lane 6). Thus, this Bclx1 insert also contains elements sufficient for the TPA regulation of Bcl-x pre-mRNA splicing in U251 cells. Since this Bcl-x1 mini-gene contains elements sufficient for the splicing regulations by IL-6, GM-CSF and TPA, it provides a starting substrate for narrowing down the insert and identifying Bcl-x pre-mRNA sequences required by each factor. Also of particular interest to us is whether these required sequences are different for the extracellular factors. We thus went on to identify the minimal inserts and pre-mRNA regions required for these regulations.
Regulation of Bcl-x splicing by IL-6, GM-CSF or TPA requires different intronic pre-mRNA segments
Most identified regulatory elements of pre-mRNA splicing are within the target exon or within hundreds of nucleotides flanking the exon [1] . We thus chose to first shorten the sequences flanking the 189 nt to identify a minimal Bcl-x insert for each extracellular factor. These constructs contain the 3' end 211 bp of exon 2 and different lengths of the downstream intron (Bcl-x2 to 4, Fig.  3A ). They were transfected into cells and tested for their responses to different treatments.
Bcl-x2 has the shortest insert containing only 76 bp of the downstream intron, Fig. 3A) . It expresses very little Bcl-xL mRNA in K562 cells (Fig. 3B, lane 2) , suggesting the loss of Bcl-xL splicing enhancers from Bcl-x1. Treatment with IL-6 did not change this splicing pattern (lane 3). Adding the intron region from nucleotides 77 to 176 in Bcl-x3 increased Bcl-xL to be the predominant product (lane 4), suggesting that nucleotides 77-176 contain elements that promote the splicing for the Bcl-xL mRNA. Importantly, the Bcl-xL splicing was almost completely repressed by treatment with IL-6 (lane 5). Thus, the Bcl-x3 insert sequence contains pre-mRNA elements sufficient for IL-6 repression of the Bcl-x splicing for the Bcl-xL mRNA. Further addition of nucleotides 177-284 in Bcl-x4 slightly reduced the Bcl-xL product to about 60%. Surprisingly, this construct lost response to IL-6 (lane 6 & 7), likely due to interference from additional elements between nucleotides 177-284.
In the GM-CSF group, the untreated mutants showed similar Bcl-xL/Bcl-xS splicing pattern as in the IL-6 group (Fig. 3C) . However, unlike IL-6, GM-CSF treatment failed to reduce the Bcl-xL mRNA in Bcl-x3 (Fig. 3C, lanes 3 &  4) . Instead, it is in Bcl-x4 where GM-CSF reduced the Bcl-xL mRNA (from 62% to 33%, lanes 5 & 6) . This suggests that the RNA sequence between 177 and 284 nt in the downstream intron contains elements specifically required for GM-CSF repression of the splicing for the Bcl-xL mRNA. These results indicate that the minimal Bcl-x inserts required for the IL-6 and GM-CSF effects are Bcl-x3 and Bcl-x4, respectively. A region specifically required for the GM-CSF effect lies between 177 and 284 nt in the downstream intron but this same region abolishes the IL-6 effect. Thus, although IL-6 and GM-CSF similarly repress the splicing for Bcl-xL, they require different segments of the Bcl-x pre-mRNA.
In the TPA group, we transfected the mutants into U251 cells and tested their responses to the splicing regulation. These mutants showed splicing patterns only slightly different from those in K562 cells except Bcl-x3, which in contrast produced mainly Bcl-xS (Fig. 3D) . This is likely due to a much weaker effect in U251 cells than in K562 cells of the elements that favor the splicing for Bcl-xL. TPA treatment increased Bcl-xL in all these mutants, with the strongest effect observed in Bcl-x3 resulting in a complete switch from Bcl-xS to Bcl-xL. The minimal insert sufficient for the TPA effect is in Bcl-x2, in contrast to those for the IL-6 (Bcl-x3) and GM-CSF (Bcl-x4) effects.
The responses of the Bcl-x constructs to IL-6, GM-CSF or TPA are summarized in Fig. 4 . It shows that the effects of the extracellular factors on Bcl-x splicing require different pre-mRNA segments in the downstream intron.
DISCUSSION
We have shown that expression of the endogenous Bcl-xL
Bcl-xS
Bcl-x variant Bcl-xL is specifically repressed by IL-6 and GM-CSF in human K562 leukemia cells and enhanced by TPA in U251 glioma cells. These effects were also observed with mini-gene splicing reporters. We further show that these regulations require different segments of the downstream intron. Thus, different cell signals likely have specific target cis-acting elements in regulating alternative splicing of the same exon. The changes in Bcl-x splicing were observed about 6 hours after treatment of K562 cells with IL-6 or GM-CSF (Fig. 1C) . Particularly after GM-CSF treatment, the Bcl-x mRNA is switched completely from Bcl-xL to Bcl-xS at 6 h. It thus appears that GM-CSF has faster effect on the Bcl-x splicing than IL-6. However, this needs to be addressed by measuring the Bcl-x mRNA levels at time points between 3 and 6 h to find the exact time when Bcl-x splicing start to change after GM-CSF treatment. Another question is whether protein synthesis is required for the splicing changes caused by these extracellular factors. From the time course, there is enough time for new proteins to be synthesized before splicing starts to change. However, since the observation of splicing changes requires the turnover of existing mRNAs prior to treatment, it is also likely that no new proteins are required for this regulation. Further experiments with protein-synthesis inhibitors should be able to address this question.
For IL-6 and GM-CSF, more detailed studies are required to identify the downstream factors that mediate their regulation of Bcl-x splicing, including their known downstream targets involved in gene regulation [28, 29] . For TPA, it activates the protein kinase C pathway to regulate alternative splicing of certain CD44 and CD45 exons [5, 6] . In our experiment, the TPA effect on Bcl-x splicing is completely blocked by erigeron breviscapus, a chemical reported to inhibit protein kinase C [24, 25] . It is thus possible that the TPA effect on Bcl-x splicing is also through the PKC pathway.
The identification of minimal pre-mRNA segments for Bcl-x splicing regulations by different extracellular factors provides a starting point to further narrow down the precise RNA elements involved. The critical segments identified by deletions here are long enough to have multiple regulatory elements. Also the regions outside of the minimal inserts likely contain additional regulatory elements that are involved in the responses. For example, without additional regions from Bcl-x1, Bcl-x4 lost response to the regulations by IL-6 (Fig. 3) . Therefore, further intensive mutagenesis analyses are necessary to identify the splicing enhancer or repressor elements involved.
The specific requirement of pre-mRNA segments for an extracellular factor to regulate Bcl-x splicing indicates that specific downstream components exist to mediate a particular regulation. For example, the intronic nucleotides 176-284 are specifically required for the GM-CSF effect. For the IL-6 effect, only the intronic 1-176 nts plus the upstream sequences in Bcl-x3 insert are sufficient. On the other hand, whether these three factors share elements in regulating Bcl-x splicing remains to be determined.
Promoter choice has been observed to affect the production of Bcl-x variant forms [30] . Whether the observed regulation of alternative splicing of Bcl-x is coupled with the transcriptional process needs to be examined. Since the plasmid constructs have the same stop codon when read from the transcripts, it is unlikely that the observed changes in Bcl-x variant mRNA forms are due to nonsense mediated decay [31] .
In summary, with Bcl-xL/Bcl-xS as targets, we found that splicing of the Bcl-xL variant mRNA was reduced by IL-6 and GM-CSF in K562 leukemia cells and increased by TPA in U251 glioma cells. The minimal pre-mRNA regions sufficient for the effects of these extracellular factors are different in mini-gene splicing reporter assays. It is likely that these factors have specific downstream targets in regulating Bcl-x splicing. Further investigations are required to identify the precise pre-mRNA elements and trans-factors involved, and to determine how the selection of the two alternative 5' splice sites in Bcl-x premRNA are regulated by these extracellular factors in generating the Bcl-xL and Bcl-xS splice variants. 
